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ABSTRACT 

MicroRNAs (miRNAs) are a class of non-coding 
small RNAs that consist of 22 nt and are involved 
in several biological processes by regulating target 
gene expression. MiR-138 has many biological func- 
tions and is often downregulated in cancers. Our 
results showed that overexpression of miR-138 
downregulated target RMND5A (required for 
meiotic nuclear division 5 homolog A) and reduced 
Exportin-5 stability, which results in decreased 
levels of pre-miRNA nuclear export in HeLa cells. 
We also found that miR-138 could significantly 
inhibit HeLa cell migration by targeting RMND5A. 
Our study therefore identifies miR-138-RMND5A- 
Exportin-5 as a previously unknown miRNA pro- 
cessing regulatory pathway in HeLa cells. 

INTRODUCTION 

MicroRNAs (miRNAs) are a class of non-coding small 
RNAs of ~22nt that induce target mRNA degradation 
or translational repression by complementary base pairing 
(full or incomplete) to the 3' untranslated region (3'UTR) 
(1^1). miRNA expression profiles vary in different tissues, 
organs and cell types and also at different stages of cell 
growth and development. miRNA expression is closely 
related to many physiological and pathological processes, 
such as cell differentiation, apoptosis, development, lipid 
metabolism, hormone secretion, tumor formation and 
viral infection (5-17). In the nucleus, the miRNA-coding 
sequence is first transcribed to a primary miRNA that is 
cleaved by the RNase in Drosha-DGCR8 (18-23). 
Exportin-5, a Ran-GTP-dependent transport protein, 



mediates the translocation of the miRNA precursor 
from the nucleus to the cytoplasm (24-27). Cytoplasmic 
pre-miRNA is subsequently processed by a second RNase 
in, Dicer, to liberate mature miRNA (28,29). This then 
associates with Argonaute proteins to form the RNA- 
induced silencing complex that binds to the 3'UTR 
of target mRNAs to perform its biological functions 
(30,31). 

The human miR-138 family consists of hsa-miR-138-1 
and hsa-miR-138-2 located on chromosomes 3p21 .32 and 
16q 13, respectively (32-34). MiR-138 has various biolo- 
gical functions, including roles in tumor progression and 
metastasis, cell differentiation, DNA damage and disease. 
Liu et al. (35) reported that head and neck squamous cell 
carcinomas (HNSCCs) exhibiting the most mesenchymal- 
like features had the lowest levels of miR-138 expression. 
MiR-138 inhibits HNSCC cell invasion and induces cell 
cycle arrest and apoptosis. Furthermore, miR-138 targets 
EZH2, VIM and ZEB2, thereby downregulating expres- 
sion of the downstream E-cadherin gene (CDH1) and af- 
fecting epithelial-mesenchymal transition (36). In tongue 
squamous cell carcinoma (TSCC) cells, miR-138 inhibits 
migration and invasion by targeting RHOC and ROCK2, 
which belong to the Rho GTPase signaling family (37). 
MiR-138 also suppresses ovarian cancer cell invasion 
and metastasis by targeting SOX4 and HIF-la (38). 
miR-138 has also been reported to target GANI2 (a 
cancer-promoting factor), to inhibit TSCC cell prolifer- 
ation, induce cell cycle arrest and promote apoptosis 
(39). Similarly, miR-138 targeting of FOSL1 (which 
encodes Fos-like antigen 1) reduces the expression of the 
downstream gene, Snail, which inhibits E-cadherin ex- 
pression in squamous cell carcinoma (SCC) cells (40). 
Regarding its role in cell differentiation, miR-138 dynam- 
ically regulates neural development by controlling the 
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shape and size of dendrites and thereby influences long- 
term memory (41). MiR-138 is significantly downregul- 
ated during adipogenic differentiation, whereas the 
overexpression of miR-138 inhibits adenovirus early 
region lA-like inhibitor of differentiation 1 and thus 
reduces lipid droplet accumulation (42). In esophageal 
SCC, downregulation of miR-138 sustains NF-kB activa- 
tion and promotes lipid raft formation (43). MiR-138 
targets focal adhesion kinase to inhibit osteoblast differ- 
entiation, and its expression is reduced during osteogenic 
differentiation (44). Furthermore, miR-138 targets the 
histone, H2AX, and thus miR-138 overexpression 
inhibits homologous recombination of chromosomes and 
enhances cell sensitivity to DNA-damaging agents such as 
cisplatin, camptothecin and ionizing radiation (45). In 
addition, miR-138 downregulation is associated with the 
development of thyroid carcinoma and multidrug resist- 
ance in leukemia cells (46,47). MiR-138 is becoming a hot 
topic of study, as it has so many different functions and is 
usually downregulated during pathological processes, es- 
pecially during carcinogenesis (35,39,48,49). HeLa cells 
contain low levels of mature miR-138 (50) and thus 
provide a good model system for studying the functional 
effects of miR-138 overexpression. In this study, the 
overexpression of miR-138 in HeLa cells specifically 
targeted RMND5A, resulting in the inhibition of HeLa 
cell migration. Exportin-5 stability was also affected, 
thereby regulating the downstream expression of several 
miRNAs. 



MATERIALS AND METHODS 

Cell culture and transfection 

MiR-138 mimic and anti-miR-138 (miR-138 inhibitor, 2'- 
O-methyl modification) were synthesized by RiboBio. 
SiRNAs were synthesized by GenePharma. HeLa cells 
were grown in Dulbecco's modified Eagle's medium 
(GIBCO-Invitrogen) supplemented with 10% bovine 
growth serum (HyClone). Cells were seeded into plates 
24 h before transfection. Transfection experiments were 
performed using 20 nM siRNA, 20 nM miRNA mimics 
or 50 nM anti-miR and Lipofectamine 2000 (Invitrogen), 
according to the manufacturer's instructions. A random 
RNA duplex (GenePharma) was used as a negative 
control. When required, 24 h after transfection, the prote- 
asome inhibitor MG132 (SelleckChemicals) was added at 
a concentration of 20 uM for 6h. The miRNA mimics and 
siRNAs were as follows: 

miR-138 mimic, 5'-AGCUGGUGUUGUGAAUCAG 
GCCG-3' (sense); Control mimic, 5'-CUCCGAACGUG 
UCACGU-3' (sense); RMND5A siRNA, 5'-CACCAUA 
UGUUCACCUACU-3' (sense); control siRNA, 5'-UUC 
UCCGAACGUGUCACGU-3' (sense); Dicer siRNA, 5'- 
UGCUUGAAGCAGCUCUGGA-3' (sense); Exportin-5 
siRNA, 5'-UGUGAGGAGGCAUGCUUGU-3' (sense); 
RanBPM siRNA, 5'-GGCCACACAAUGUCUAGGA- 
3' (sense); Ran siRNA, 5'-GAAAUUCGGUGGACUG 
AGAUU-3' (sense). 



Plasmid construction 

RMND5A cDNA (pCMV-RMND5A) was obtained from 
OriGene (USA). cDNAs encoding full-length open reading 
frames and deletion mutants of RMND5A were obtained 
by PCR using pCMV-RMND5A, Pfu DNA polymerase 
and synthetic oligonucleotide primers incorporating re- 
striction sites. PCR products were ligated into the 
pcDNA6/myc-His B vector according to the manufac- 
turer's protocol (Invitrogen) and then sequenced to 
confirm the absence of mutations. pCMV-Dicerl, 
pCMV-RanBPM and pCMV-Exportin-5 were also 
obtained from OriGene. For in vitro translation, 
RMND5A, RanBPM and Exportin-5 cDNA were separ- 
ately cloned into the pF3K WG (BYDV) Flexi® vector ac- 
cording to the manufacturer's protocol (Promega). Primer 
sequences were as follows (sequence from 5' to 3'): 
RMND5A Full F, CCC^GCTJGCCACCATGGATC 
AGTGCGTGACGGTG (Hindm); RMND5A Full 
R, CCGCJCG^GCGGAAAAATATCTGTTTGGCAT 
(Xhol); RMND5AALisH Rl, CTTCTGACTTGGGTC 
GTCTGCCTGCCAGCA; RMND5AALisH F2, TGCT 
GGCAGGCAGACGACCCAAGTCAGAAG;RMND5 
AACTLH Rl, TAATGCCTCTCGCTGTTCCTTCTGA 
CTTGG; RMND5AACTLH F2, CCAAGTCAGAAGG 
AACAGCGAGAGGCATTA; RMND5AACRA Rl, CT 
GCCTCTGTTCAATCTGATTTGTGGTTCC; RMND5 
AACRA F2, GGAACCACAAATCAGATTGAACAGA 
GGCAG; RMND5AARING R, CCGCJCG/iG'CGTAT 
AGAGTGATACCAGCACT (Hindm); pF3K-RMND5A 
F, GCGATCGCGCC4 CCATGG ATCAGTGCGTG AC 
GGTG (Sg/I);pF3K-RMND5A R, AGCTTTGTTJ 
AAA CATCTGTTTGGCATCTCCTG (Pmel); pF3K- 
Exportin-5 F, GCGATCGCGCC4CCATGGCGATGG 
ATCAAGT (Sgfl); pF3K-Exportin-5 R, AGCTTTGT7T 
AAA CTC AGGGTTC AAAGATGGT (Pmel); pF3K- 
RanBPM F, GCGATCGCGCC4CCATGTCCGGGCA 
GCCGCCG (Sgfl); pF3K-RanBPM R, AGCTTTGJJJ 
AAA CCTAAGCGGTATGC ATATT (Pmel). 



Quantitative real-time PCR 

Relative mRNA levels were determined by qRT-PCR 
using a Stratagene MX3000P system, SYBR Premix Ex 
Taq (TaKaRa) and specific primers. CT values were 
determined using MX3000p software (v4.10) with ampli- 
fication-based threshold determination and adaptive 
baseline analysis options. Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) was used as an endogenous 
control. Results represent at least three experiments. 
Primer sequences were as follows: 

RMND5A F, 5'-GTACCTGAGACAAGGGATT-3'; 
RMND5A R, 5' - A ACCTGCTGAG AAACTG- 3' ; RH 
OC F, 5'-ACCTGCCTCCTCATCGTCTTC-3'; RHOC 
R, 5'-CACCTGCTTGCCGTCCAC-3'; ROCK2 F: 5'-T 
GCCTTCATCTGTAGACCTCTG-3'; ROCK2 R, 5'-CC 
ATCAACGTGGAGAGCTTG-3'; Dicer F: 5'-TGCCAG 
TTGGGAAAGAGACTGTTAA-3' ; Dicer R: 5'-TATGG 
GTTTGGCCGTCAGTATT-3'; XP05 F, 5'-CACAGAC 
TGCTGATGGAGGA-3' ; XP05 R: 5'-TGACTTGGAT 
GGGTTGTGAA-3'; GAPDH F: 5'-GAAGGTGAAGG 
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TCGGAGTC-3'; GAPDH R, 5-GAAGATGGTGATG 
GGATTTC-3'. 

miRNAs and pre-miRNAs were quantified using 
the All-in-One miRNA qRT-PCR Detection Kit 
(GeneCopoeia, Inc.)- HeLa cell nuclear and cytoplasmic 
RNAs were obtained using Cytoplasmic and Nuclear 
RNA Purification Kits (Norgen). For single-step cDNA 
synthesis, poly(A) polymerase was used to add poly(A) 
tails to the 3' end of miRNAs, and Moloney Murine 
Leukemia Virus reverse transcriptase and a unique 
Oligo(dT) adaptor primer were used to reverse transcribe 
poly(A) miRNAs. An All-in-One qPCR Mix containing 
SYBR Green was used to detect specific reverse- 
transcribed miRNAs using a Universal Adaptor PCR 
primer and a miRNA-specific primer. Cytoplasmic 
RNAs were normalized to GAPDH mRNA, and nuclear 
RNAs were normalized to U6 small RNA. Results are 
expressed in arbitrary units and are representative of 
three independent experiments. Primer sequences were as 
follows: 

Oligo(dT) adaptor primer R, 5'-GCGAGCACAGAAT 
TAATACGACTCACTATAGGTTTTTTTTTTTTTTTT 
TTVN-3'; Universal Adaptor primer, 5'-GCGAGCACA 
GAATTAATACGAC-3'; U6 F, 5'-CTCGCTTCGGCAG 
CACA-3'; pre-miR- 105-1 F, 5'-TGTGCATCGTGGTCA 
AATGCTC-3'; pre-miR-19a F, 5'-GCAGTCCTCTGTT 
AGTTTTGC-3'; pre-miR-7 1 F, 5'-TTGGATGTTGGC 
CTAGTTCTGTG-3'; pre-miR- 128-1 F, 5'-TGAGCTGT 
TGGATTCGG-3' ; pre-miR-93 F, 5'-CTGGGGGCTCC 
AAAGTGCTGT-3' ; pre-miR-30a F, 5'-GCGACTGTAA 
ACATCCTCGAC-3'; pre-miR-17 F, 5'-GTCAGAATAA 
TGTCAAAGTGCT-3'; pre-miR-107 F, 5'-CTCTCTGCT 
TTCAGCTTCTT-3'; pre-miR- 128-1 F, 5'-TGTGCAGT 
GGGAAGGGGGGCCGATACA-3'; pre-miR-124 3 F, 
5'-TGAGGGCCCCTCTGCGTGTT-3'; pre-miR-142 F, 
5'-GACAGTGCAGTCACCCATAAA-3'; miR-128 F, 
5'-GCCGCTCACAGTGAACCGGTCT-3'; miR-7 F, 5'- 
CGGCGGTGGAAGACTAGTGATT-3'; miR-93 F, 5'-C 
TGGGGGCTCC AAAGTGCTGTT-3' ; miR-30a F, 5'-G 
CGACTGTAAACATCCTCGA-3'; miR-17 F, 5'-CGGC 
GCAAAGTGCTTACAGTG-3' ; miR-107 F, 5'-GCCGC 
AGCAGCATTGTACAGG-3'; miR-23a F, 5'-GCGTGA 
TCACATTGCCAGGGAG-3'; miR-142 F, 5'-GACAGT 
GCAGTCACCCATAAA-3'; miR-124 F, 5'-TCGGCGT 
GTTCACAGCGGACCTT-3' . 

Immunoprecipitation, identification of protein complex 
members and western blot analysis 

HeLa cells were grown in 6-well plates and transfected 
with the indicated plasmids and miRNA mimic or 
siRNA using Lipofectamine 2000 (Invitrogen). Cells 
were washed with phosphate-buffered saline and lysed 
for 20 min in cold lysis buffer [50mM Tris-HCl (pH 
7.4); 1% NP-40; 0.25% sodium deoxycholate; 150mM 
NaCl; ImM each EDTA, PMSF, Na 3 V0 4 , and NaF; 
1 ng/ml each aprotinin, leupeptin, and pepstatin]. 
Extracts were clarified by centrifugation (lOOOOg) for 
20 min at 4°C, and then 500 (ig of protein was incubated 
with 2(ig of Myc-tag antibody or immunoglobulin G 
(IgG) for 4h at 4°C with agitation. A total of 50 lU of 



protein A/G magnetic beads (Millipore) was added to 
each sample and incubated for 1 h. After washing three 
times with lysis buffer, complex components were 
separated using 10% Sodium dodecyl sulfate (SDS)- 
PAGE. Electrophoresis was carried out at a constant 
voltage of 50 V using 3-(N-morpholino)propanesulfonic 
acid SDS running buffer (Invitrogen) for ~25min. The 
proteins were visualized with Coomassie blue. Entire gels 
were diced into small pieces (1-2 mm). The proteins were 
destained, excised and digested as described previously 
(51) before NanoLC-HDMS MS/MS analysis and a 
Mascot database search. For western blot analysis, 
samples were separated using 10% SDS-PAGE and 
transferred to nitrocellulose membranes. Membranes 
were blocked in Tris-buffered saline (TBS) containing 
5% non-fat dry milk and 0.05% Tween-20 (TBST- 
MILK) for 30 min at 25°C with shaking, and then 
incubated with primary antibody (following the manufac- 
turer's instructions) for 2h at 25°C. Samples were then 
washed with TBST (TBS-0.05% Tween-20) and incubated 
for 1 h with horseradish peroxidase-conjugated secondary 
antibody (1:5000 dilution). Protein bands were visualized 
using enhanced chemiluminescent substrate, according to 
the manufacturer's protocol (Thermo). For immunoblots, 
primary antibodies used were anti-P-Actin, anti-ROCK2, 
anti-Exportin-5, anti-RMND5A and anti-RanBPM from 
Santa Cruz Biotechnology, anti-Myc-tag from Abnova, 
anti-HA-tag from Sungene Biotech and anti-RhoC from 
Cell Signaling. 

Immunofluorescence microscopy 

Twenty-four hours after transfection treatment, cells were 
fixed with 4% paraformaldehyde/PBS for 20 min. Samples 
were preblocked with 1% Donkey serum/PBS and 
incubated respectively overnight with the following 
primary antibodies: anti-RMND5A (Host: Goat), anti- 
Exportin-5 (Host: Rabbit) and anti-RanBPM (Host: 
Goat) from Santa Cruz Biotechnology. After washing, 
cells were incubated with secondary antibodies: Donkey 
anti-Goat-Cy3 and Donkey anti-rabbit-FITC from 
Cwbiotech at room temperature. Nuclei were counter- 
stained with 4', 6-diamidino-2-phenylindole (DAPI). 
Image acquisition was done with Olympus FV1000 
confocal microscope. 

In vitro translation and protein-protein interaction assays 

In vitro translation was performed with a TnT® sp6 High- 
Yield Wheat Germ Protein Express System (Promega). 
Each 50 (il of reaction mixture contained a total of 3 u.g 
of plasmid DNA and were incubated at 25°C for 2.5 h. 
One-tenth of each in vitro translation reaction was set 
aside to identify the translated proteins, and the volume 
of each lysate was increased to 150li1 by adding buffer 
[50 mM HEPES (pH 7.2), 10 mM NaP0 4 (pH 7.0), 
250mM NaCl, 0.2% NP-40, 0.1% Triton X-100, 
0.005% SDS and 2.5 mM (3-mercaptoethanol] supple- 
mented with protease inhibitor cocktail. Immunopre- 
cipitation and western blot analyses were performed as 
described earlier in the text. 
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Ubiquitination assays 

In ubiquitination assays, 20 uM MG132 was added into 
cell cultures 8h before cells harvesting. Exportin-5 was 
transfected into HeLa cells along with HA-ubiquitin 
Exportin-5 was isolated by immunoprecipitation under 
denaturing condition (52) to inactivate deubiquitinating 
enzymes and disrupt protein complexes. For transfection 
models, following Exportin-5 denaturing immunopre- 
cipitation, the Exportin-5-ubiquitin conjugates were 
detected by immunoblotting using anti-HA-tag. 

Dual luciferase reporter assay 

Three fragments of the RMND5A 3'UTR, two containing 
a single miR-138 conservative binding site (33-319 or 
640-935) and one containing both miR-138 binding sites 
(1-3760), were cloned into the Xbal and Ndel sites of the 
pGL3-Control Vector (Promega) and named pGL3-R-l, 
pGL3-R-2 and pGL3-F, respectively. MiR-138 target 
binding sites were mutated by deletion the putative 
binding sequence using the MutanBEST mutation kit 
(TaKaRa) and cloned into the pGL3-Control vector. 
Mutant constructs corresponding to pGL3-R-l and 
pGL3-R-2 were named pGL3-R-lmu and pGL3-R- 
2mu, respectively. Four fragments of the DICER1 
3'UTR were also cloned into the EcoRl and Xbal or 
Xbal and Ndel sites of the pGL3-Control Vector and 
named pGL3-D-l, pGL3-D-2, pGL3-D-3 and pGL3- 
D-4, respectively. The full-length XP05 3'UTR was also 
cloned into the EcoRl and Ndel sites of the pGL3- 
Control Vector and named pGL3-E. pGL3 vectors, the 
pRL-CMV vector (used as an internal control for trans- 
fection efficiency) and miR-138 mimic or control siRNA 
were co-transfected into HeLa cells using Lipofectamine 
2000 (Invitrogen), according to the manufacturer's in- 
structions. After 48 h, reporter activity was measured 
using a dual luciferase reporter gene assay kit 
(Promega). Primers for cloning (bold italic for restriction 
sites) were as follows: 

RMND5A F, 5 -TGC TCTAGA AGAGATAACTTTA 
GTTTG-3'; RMND5A R, 5'-GGAATTCC4 TA TGCCC 
ACTACAGCTTGAAACT-3'; RMND5A-1 F, 5'-GCJC 
TA GA AACTG A ATCGTGGGTGC ATT- 3' ; RMND5A- 
1 R, 5'-GGAATTCC4 TA TGGGGAGGTCAATTTCCG 
TTTC-3'; RMND5A-2 F, 5 -GC JCT/i (7,4 AACTGGCTG 
GTGTGAGAAGTC-3'; RMND5A-2 R, 5'-GGAATTCC 
A TA JC7CTGGAACATGCTGCTTTCCT-3'; RMND5A- 
lmu F, 5' -GTTGTC ATTC AATGC AGGTT-3 ' ; RMND5 
A-lmu R, 5'-TATTTACTTGATCAGAAATG-3'; 
RMND5A-2mu F, 5' GATGTCAAACATTGTGTATC- 
3'; RMND5A-2mu R, 5' AAGACACATATACAATAC 
AC-3'; Dicer-1 F, GCGAA 7TCATCGGAAAGGAAGA 
CTTAAAGTT; Dicer-1 R, G TCTA GA CC AA AG ATGG 
AAATAATGAGCTA; Dicer-2 F, GCGAA T JCAAACT 
GCCGTAATTTTGATACAT; Dicer-2 R, GTCTAGATT 
TTAACTCAGTAACCAGGGGAT; Dicer-3 F, GCGAA 
7TCACAGTTTGAAGCATTCTGTGATCCACCAGC 
A; Dicer-3 R, G TCTA GA TG A AA AGT A ATC AGTGGT 
TGGAA; Dicer-4 F, GCJCT/iG^TTCCAACCACTGA; 
Dicer-4 R, GCA TA TGCA TA TGTTATTGGAGATTTA 
CTTGGCTAC; XPQ5 F, GGAA T JCATCAAGCTTTT 



GGGCA; XP05 R: GGAATTCC4 TA rGGTGTACGA 
AACTGAGAT. 

Monolayer wound healing assay 

HeLa cells were transfected with miR-138 mimic, 
RMND5A siRNA or control siRNA. Cells in duplicate 
wells of a 24-well plate were transfected using 
Lipofectamine 2000. After 24 h, cells in duplicate wells 
were combined and added to a single well of a 6-well 
culture dish. Before seeding the cells, two parallel lines 
were drawn on the underside of each well with a marker 
pen. After cells had become adherent, two (or more) 
parallel scratches, or 'wounds 1 , ~400um wide were made 
perpendicular to the marked lines using a PI 000 pipette tip 
(Fisher). The migration of cells into the 'wounds' was 
observed using an inverted microscope (1X71, Olympus), 
and images of areas flanking the intersections of the 
'wound' and the marked lines were taken at regular inter- 
vals over the course of 12-36 h. 

Transwell migration assay 

HeLa cells were treated with miR-138 mimic, RMND5A 
siRNA or control siRNA and Transwell migration assays 
were performed in 6.5-mm Transwell chambers with 8-um 
pores (Corning Costar, Corning, NY, USA). The under- 
side of each membrane was coated with 20% fetal bovine 
serum for 2h. Approximately 1 x 10 4 cells were seeded 
into the upper chambers in 100 ul of serum-free medium; 
lower chambers contained 500 ul of medium with 10% 
serum. Treatments were added to both chambers. After 
cells were allowed to migrate, the medium in the upper 
chamber was aspirated, and cells on the upper side were 
removed with a cotton swab. Cells on the lower side of the 
membrane were stained by DAPI. Images were captured 
with 1X71 fluorescence microscope (Olympus, Japan). For 
each experiment, the number of cells in nine random fields 
on the underside of the filter was counted, and three inde- 
pendent filters were analyzed. 

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide cell viability assay 

HeLa cells (1 x 10 4 ) were seeded in 100 ul of medium 
per well into 96-well plates and incubated (37°C, 5% 
C0 2 ) overnight. After treatment, 10 ul of 3-(4,5- 
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide 
(MTT) solution (5mg/ml) was added to each well and 
incubated for 4h. Following this, culture medium was 
removed, wells were dried and formazan was resolved 
with lOOul/well dimethyl sulfoxide for 30min. The 
optical density was measured at 560 nm, and the back- 
ground absorbance at 650 nm was subtracted. 

Microarray assay 

mRNA and miRNA microarray assays were performed by 
a service provider (LC Sciences). For the miRNA micro- 
array assay, a sample of total cellular RNA (2-5 ug) was 
size fractionated using a YM-100 Microcon centrifugal 
filter (Millipore) and isolated small RNAs (<300nt) 
were 3'-extended with a poly(A) tail using poly(A) 
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polymerase (New England Biolabs). An oligonucleotide 
tag was ligated to the poly(A) tail for fluorescent staining, 
and different fluorescent tags were used for each of two 
RNA samples in dual-sample experiments. Hybridization 
was performed overnight on a Paraflo microfluidic chip 
using a microcirculation pump (Atactic Technologies). 
After hybridization, fluorescence labeling was detected 
using tag-specific Cy3 and Cy5 dyes. Hybridization 
images were collected using a laser scanner (GenePix 
4000B, Molecular Devices) and digitized using Array-Pro 
image analysis software (Media Cybernetics). For two- 
color experiments, the ratio of the two sets of signals 
(log 2 transformed and balanced) and the P-values of the 
?-test were calculated. Differential detection of mRNA 
signals was defined as a fold difference (log 2 ratio) 
<— 1.00 (downregulated) or >1.00 (upregulated) with 
P<0.05. Differential detection of miRNA signals was 
defined as a fold difference (log2 ratio) <— 0.3 
(downregulated) or >0.3 (upregulated) with P < 0.1. 

Protein stability assay 

HeLa cells were transfected with miR-138 mimic, 
RMND5A siRNA or control siRNA for 24 h, and then 
transfected with an Exportin-5 expression vector. After a 
further 24 h, cycloheximide (lOOrig/ml) was added to the 
cells, and cells were harvested after 0, 2, 4 or 8 h. Protein 
concentrations were determined by the Bradford method, 
and protein levels were analyzed by western blotting, as 
described earlier in the text. Band intensities were 
measured by densitometry using ImageJ software 
(rsb.info.nih.gov/ij), and Exportin-5 levels were normalized 
to those of P-actin. The rate of Exportin-5 degradation was 
determined in three independent experiments. 

Statistical analysis 

The data were expressed as means ± s.d. Differences were 
assessed by two tailed Student's /-test using the Excel 
software. P < 0.05 was considered to be statistically 
significant. 

RESULTS 

MiR-138 targets RMND5A in HeLa cells 

We used TargetScan5.2 bioinformatics software (http:// 
www.targetscan.org/) to predict that 388 conserved genes 
in the human genome were miR-138 targets. The set of 
highest-ranking predicted miR-138 target genes is listed in 
Table 1. RMND5A was the highest-ranking predicted 
miR-138 target gene, with a score of —1.02. RMND5A 
was also predicted to be a miR-138 target by other 
commonly used miRNA target gene prediction programs. 

miRNA mimics are small chemically modified double- 
stranded RNAs that mimic endogenous miRNAs and 
enable the functional analysis of miRNA by upregulating 
miRNA activity. As shown in Figure 1A, transfection of 
the miR-138 mimic into HeLa cells led to an increase in 
miR-138 levels. We performed microarray-based mRNA 
differential expression analysis on HeLa cells transfected 
with a miR-138 mimic and a negative control. Microarray 



results revealed that levels of 267 transcripts were signifi- 
cantly altered by miR-138 [fold difference (log 2 ratio of 
miR-138/control) >1.00; P<0.05]. These included 160 
upregulated and 107 downregulated transcripts 
(Supplementary Table SI). However, RMND5A was the 
only one of the top 10 ranking predicted miR-138 target 
genes to reach the statistical cut-off [log 2 (ratio of miR- 
138/control) <1.00; P<0.05; Table 1]. 

RHOC and ROCK2 were previously experimentally 
confirmed as miR-138 targets in TSCC cells (37). 
However, microarray analysis did not show significant al- 
terations in expression of the two genes by miR-138. As 
measured by quantitative RT-PCR (qRT-PCR), we 
observed that miR-138 overexpression significantly 
downregulated only RMND5A mRNA levels in HeLa 
cells, and that RHOC and ROCK2 mRNA levels were 
unaffected (Figure IB). We analyzed the levels of 
RMND5A, RhoC and ROCK2 proteins in HeLa cells 
transfected with miRNA mimics, and the results showed 
a correlation with mRNA levels (Figure 1C), whereby 
only RMND5A protein expression was significantly 
reduced. Therefore, miR-138 specifically targets 
RMND5A, thus reducing levels of both mRNA and 
protein. RhoC and ROCK2 are not functional miR-138 
target genes in HeLa cells. 

According to bioinformatics analysis, the RMND5A 
3'UTR is 4630 bp long (NM_022780) and contains two 
conserved miR-138 target seed sites (at 229-236 and 888- 
895; Figure ID) and two non-conserved sites (at 1487-1493 
and 1629-1635). To confirm that miR-138 directly targets 
the RMND5A 3'UTR, two wild-type RMND5A miR-138 
target sites were cloned into the 3'UTR of a luciferase 
reporter gene, respectively, to construct plasmids pGL3- 
R-l and pGL3-R-2. Similar plasmids containing the cor- 
responding mutated target sites, pGL3-R-l mu and pGL3- 
R-2mu, were also constructed. Almost the full length of 
RMND5A 3'UTR (1-3760 bp) was cloned into the sites of 
pGL3-Control Vector and named pGL3-R-F. Reporter 
plasmids and miRNA mimics were co-transfected into 
HeLa cells. After 48 h, luciferase activity in cells co-trans- 
fected with miR-138 mimic was significantly lower than in 
cells co-transfected with control mimic. However, co-trans- 
fection of miR-138 with RMND5A mutant target sites 
fused to a luciferase vector did not suppress luciferase 
activity compared with controls (Figure IE). These 
results indicated that miR-138 directly targets both 
conserved seed sites in the RMND5A 3'UTR. 

RMND5A interacts with Exportin-5 

The human RMND5A gene, also known as p44CTLH or 
RMD5, is located on chromosome 2pl 1 .2 and encodes a 
44kDa protein containing 391 amino acids. The 
RMND5A protein is composed of four domains: an N- 
terminal Lissencephaly type- 1 -like homology (LisH) 
motif, a C-terminal to LisH (CTLH) motif, a C-terminal 
CT1 1-RanBPM (CRA) motif and a Really Interesting 
New Gene (RING)-type zinc-finger motif (53). To 
identify the interaction between RMND5A and other 
proteins, a Myc-tagged RMND5A expression vector 
(pCDNA-RMND5A-Myc) was constructed using a 
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"Genes that were predicted to be candidate targets of miR-138 were identified by Is, and only the top 10 highest-ranking predicted miR-138 
target genes are listed. 

b A complete gene list of the 107 transcripts downregulated by miR-138 treatment is presented in Supplementary Table SI. 

°Gene names in bold font were predicted to be miR-138 targets by microarray analysis. Fold difference (log 2 ratio of miR-138/control) < —1.00 and 
P<0.05. 
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Figure 1. RMND5A is a miR-138 target. (A) HeLa cells were transfected with miR-138 mimic, and the increased miR-138 level was confirmed by 
quantitative RT-PCR (qRT-PCR) assays. U6 served as an internal control. (B) qRT-PCR assays were performed to examine the effects of miR-138 
mimic transfection on endogenous RMND5A, RHOC and ROCK2 gene transcription. GAPDH served as an internal control. (C) Western blot 
analyses were performed to examine the effects of miR-138 overexpression on endogenous RMND5A, RhoC and ROCK2 protein levels. (D) The 
predicted highly conserved miR-138 targeting sequence located in the 3'UTR of RMND5A mRNA. (E) Dual luciferase reporter assays were 
performed to test the interaction of miR-138 with wild-type predicted RMND5A 3'UTR targeting sequences (pGL3-Rl, pGL3-R2 and pGL3-R) 
and mutated targeting sequences (pGL3-Rlmu, pGL3-R2mu). */ > <0.05. Data are representative of at least three independent experiments 
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Figure 2. RMND5A interacts with Exportin-5. (A) HeLa cells were transfected with siRNA, and protein expression levels were determined after 48 h. 
Western blot analyses show that each specific siRNA downregulates the protein expression of Ran, RanBPM, RMND5A and Exportin-5 in HeLa cells. 
(B) RMND5A and Exportin-5 co-immunoprecipitation experiments. Full-length Myc-tagged RMND5A was overexpressed in HeLa cells. Anti-Myc 
antibody or normal rabbit IgG was added to 500 ug of HeLa cell lysate to immunoprecipitate protein complexes. Co-immunoprecipitation experiments 
were performed in HeLa cells following transfection with control (left panel) or Ran siRNA (right panel). (C) RMND5A and Exportin-5 co- 
immunoprecipitation experiments. Full-length Myc-tagged RMND5A was overexpressed in HeLa cells, and anti-Myc or normal rabbit IgG was 
added to 500 ug of HeLa cell lysates to immunoprecipitate protein complexes. Co-immunoprecipitation experiments were performed in HeLa cells 
transfected with control (left panel) or RanBPM siRNA (right panel). (D) RanBPM and Exportin-5 co-immunoprecipitation experiments. Anti- 
RanBPM or normal rabbit IgG was added to 500 ug HeLa cell lysates to immunoprecipitate protein complexes. Co-immunoprecipitation experiments 
were performed in HeLa cells transfected with control (left panel) or RMND5A siRNA (right panel). (E) RanBPM and RMND5A co-immunopre- 
cipitation experiments. Anti-RMND5A or normal rabbit IgG was added to 500 ug of HeLa cell lysate samples to immunoprecipitate protein 
complexes. Co-immunoprecipitation experiments were performed in HeLa cells transfected with control (left panel) or Exportin-5 siRNA (right panel). 



commercial RMND5A cDNA expression plasmid 
(pCMV-RMND5A). We overexpressed RMND5A with 
Myc-tag and isolated the protein complex by co- 
immunoprecipitation. The eluted complex was analyzed 
by mass spectrometry (Supplementary Table SI and 
Supplementary Figure SI). Two possible candidates 
bound by RMND5A had the highest score: Ran-binding 
protein in the microtubule-organizing center (RanBPM) 
and Exportin-5. Kobayashi et al. (54) previously 
reported that RMND5A directly interacts with 
RanBPM. As a scaffolding protein, RanBPM has been 
reported to weakly interact with Ran (55,56), which is 
essential for RNA and protein translocation through the 
nuclear pore complex. Exportin-5, encoded by the XP05 
gene, depends on Ran-GTP to mediate the 
nucleocytoplasmic shuttling of miRNA precursors. The 
results of our co-immunoprecipitation experiments 
showed that Exportin-5, RanBPM and Ran were all 
present within the immune complex (Figure 2B). It 
appeared that Ran could be the hub for the interactions 
between RMND5A, RanBPM and Exportin-5, but our 
results did not corroborate this hypothesis. Our results 
indicate that the downregulation of Ran protein by a 



specific Ran siRNA (Figure 2A) does not affect 
RMND5A co-immunoprecipitation with Exportin-5 
(Figure 2B). However, following RanBPM protein 
downregulation (Figure 2A), much less Exportin-5 was 
observed within the immune complex (Figure 2C). In 
addition, the interaction between RanBPM and 
Exportin-5 was not affected by the downregulation of 
RMND5A (Figure 2D), and the interaction between 
RMND5A and RanBPM was also not affected by 
Exportin-5 downregulation (Figure 2E). These results 
suggest that the interaction of RMND5A with Exportin- 
5 depends on RanBPM, but not on Ran, and RanBPM 
along is sufficient to interact with Exportin-5 or 
RMND5A. It was also interesting to find that other key 
proteins in miRNA biogenesis such as Drosha, Dicer and 
AG02 do not appear in the complex of RanBPM and 
Exportin-5 when used the antibodies mentioned earlier 
in he text (Figure 2B). 

Next, RMND5A, RanBPM and Exportin-5 were ex- 
pressed with the Wheat Germ Protein Expression 
System in vitro (Figure 3A). We further confirmed a 
direct interaction between RanBPM and RMND5A or 
Exportin-5. RMND5A could not interact with Exportin- 
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Figure 3. RMND5A interaction with RanBPM and Exportin-5 using an in vitro translation system. (A) RMND5A, RanBPM and Exportin-5 
underwent in vitro translation separately with a TnT® sp6 High- Yield Wheat Germ Protein Express System. Each reaction mixture contained 
3ug of plasmid DNA that were incubated at 25°C for 2.5 h. Western blot analyses were performed to examine the expression proteins. 
RMND5A, 44kDa; RanBPM, 91kDa; Exportin-5, 136 kDa. (B) Co-immunoprecipitation experiments were performed using an in vitro translation 
system with anti-RMND5A, anti-RanBPM and anti-Exportin-5 antibody. 



5 in the absence of RanBPM (Figure 3B). In other words, 
RMND5A could not interact with Exportin-5 directly, 
and RanBPM appears to be the bridge for the interaction 
between RMND5A and Exportin-5. 

Next, we deleted four structural domains (LisH, CTLH, 
CRA and RING) of RMND5A and constructed Myc- 
tagged expression plasmids for the corresponding 
deletion mutants (Figure 4A). Co-immunoprecipitation 
results showed that RMND5A deletion mutants lacking 
LisH, CTLH or the RING structure domain could still 
interact with RanBPM and Exportin-5 (Figure 4B). 
However, the RMND5A deletion mutant lacking the 
CRA domain did not form a complex with RanBPM 
and Exportin-5 (Figure 4B). Further experiments showed 
that the CRA domain on its own was sufficient to precipi- 
tate RanBPM and Exportin-5 (Figure 4C). Thus, the 
RMND5A CRA domain appears to be necessary for 
RMND5A to interact with RanBPM and Exportin-5. 

MiR-138 targeting of RMND5A reduces Exportin-5 
stability 

In a comparative analysis, levels of miR-138 and RMND5A 
mRNA expression showed a negative correlation in four 
different cell types (HeLa, SH-SY5Y, H460 and H1299), 
which indicated that high miR-138 expression corres- 
ponded to low levels of RMND5A, and vice versa. XP05 
mRNA was relatively stable in all four cell types, and there 
was no obvious difference in its expression among them 
(Figure 5A). However, it was surprising to discover that 



Exportin-5 protein expression also negatively correlated 
with miR-138 (Figure 5B). Next, using RMND5A siRNA 
as a positive control, we found that transfection with miR- 
138 mimic or RMND5A siRNA reduces endogenous 
RMND5A mRNA and protein levels. It was surprising 
to observe that Exportin-5 protein levels were also signifi- 
cantly downregulated (Figure 5C), although Exportin-5 
mRNA levels were unaffected (Figure 5D). However, 
another factor in the complex, RanBPM, was not 
downregulated by miR-138 (Figure 5C and D). Cell treat- 
ments with a miR-138 inhibitor (anti-miR-138) effectively 
rescued RMND5A protein expression and partly recovered 
Exportin-5 expression (Figure 5E). Therefore, RMND5A 
knockdown has no effect on transcription but does affect 
protein levels of Exportin-5. These results prompted us to 
investigate whether the interaction with RMND5A inhibits 
Exportin-5 protein degradation. Using cycloheximide to 
inhibit protein synthesis, we found a clear increase in the 
rate of Exportin-5 degradation following transfection with 
miR-138 mimic and RMND5A siRNA (Figure 6A and B). 
In addition, normal levels of wild-type RMND5A were 
necessary to maintain endogenous Exportin-5 protein sta- 
bility following miR-138 treatment. This ability was lost in 
all RMND5A deletion mutants (Figure 6C), although these 
rescue mutants achieved overexpression levels (Figure 4A). 
Furthermore, RMND5A deletion mutant proteins were 
less stable than the full-length protein, which might 
explain the apparent inability of deletion mutants to stabil- 
ize Exportin-5 (Figure 6D). In particular, the RMND5A 
deletion mutant that lacked the CRA domain was the most 
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unstable, which suggested the CRA domain of RMND5A 
was important for its protein stability. 

As RMND5 A downregulation resulted in a rapid decrease 
of protein Exportin-5, this effect was partially abolished by 
the proteasome inhibitor MG132 (Figure 7A), indicating 
that RMND5A protect Exportin-5 protein against prote- 
asome degradation. We also examined whether RMND5A 
affects ubiquitination of Exprotin-5 in HeLa cells. Results 
showed that the ubiquitination of Exportin-5 was confirmed 
and enhanced markedly by RMND5A knockdown by 
miR-138 or RMND5A stRNA in HeLa cells (Figure 7B). 
Taken together, these results demonstrated that RMND5A 
could protect against the ubiquitination and proteasome deg- 
radation of Exportin-5 protein. 

As RMND5A, RanBPM and Exportin-5 all shuttle 
between the nucleus and the cytoplasm (55,57), the 



identification of the complex and its subcellular localiza- 
tion will also be important. Confocal imaging analysis 
showed that Exportin-5 had a subcellular localization 
similar to that of RMND5A and RanBPM in HeLa 
cells, which all distributed throughout the nucleus and 
the cytoplasm but mainly in plasma surrounding the 
nucleus (Figure 8A). It was surprised to observe 
that Exportin-5 retention in nucleus when its protein 
levels were downregulated by RMND5A siRNA 
or miR-138. The proteasome inhibitor MG132 could 
recover not only Exportin-5 protein levels but also its 
normal subcellular localization (Figure 8B). However, 
RanBPM was not affected by miR-138 (Figure 8C). 

Bennasser et al. (58) reported that the inhibition of 
Exportin-5 downregulates expression of Dicer by increasing 
the nuclear localization of DICER mRNA. In HeLa cells, 
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Figure 5. MiR-138 targeting of RMND5A reduces Exportin-5 protein levels. (A) Quantitative RT-PCR assays were performed to examine miR-138 
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the miR-138-mediated downregulation of Exportin-5 led to 
reduced levels of Dicer protein, and overexpression 
Exportin-5 effectively rescued Dicer protein expression 
(Supplementary Figure S2A). Four segments of the 
DICER 3'UTR and full-length XP05 3'UTR were cloned 
into the luciferase reporter plasmid. Dual luciferase 
reporter assays showed that miR-138 transfection had no 
effect on DICER 3'UTR fragments or full-length XP05 
3'UTR (Supplementary Figure S2B). In addition, miR- 
138 expression did not affect DICER and XP05 mRNA 
expression (Supplementary Figure S2C). These results 
reveal that miR-138 influences Exportin-5 and Dicer 
protein levels by targeting RMND5A, and not by the 
direct targeting of XP05 and DICER mRNAs. 

MiR-138 inhibits the nuclear export of precursor miRNAs 
by downregulating RMND5A 

Exportin-5 plays a key role in the nuclear transport of 
miRNA precursors, and Dicer is the RNase in required 
for pre-miRNA maturation. Based on previous results, we 



speculated that RMND5A regulates miRNA biogenesis. 
To verify the miR-138-mediated inhibition of general 
miRNA processing through RMND5A targeting, the ex- 
pression of individual miRNAs was measured in HeLa 
cells transfected with miR-138 mimic using a miRNA 
microarray. Microarray results revealed that the levels of 
133 miRNAs were significantly altered by miR-138. These 
included 75 upregulated and 58 downregulated miRNAs 
(Supplementary Table S2). We selected nine miRNAs, 
including four with a relatively high abundance (miR-17, 
—30a, —107, —23a) and five with a low abundance (miR- 
142, —128, —7, —124, —93), which were all downregulated 
according to the microarray analysis. We therefore ex- 
tracted total, nuclear and cytoplasmic RNA pools and 
measured the level of precursor miRNAs in each pool 
by qRT-PCR. The total amount of most of the selected 
miRNA precursors was not significant altered by treat- 
ment with miR-138 mimic or RMND5A siRNA 
(Figure 9A). However, our analysis showed that the ex- 
pression of miRNA precursors were decreased in the 
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Figure 6. RMND5A stabilizes Exportin-5 protein in HeLa cells. (A) HeLa cells were transfected with Exportin-5 expression vectors, treated with 
cycloheximide and harvested at the indicated time points. The half-life of Exportin-5 protein was measured by western blotting. (B) Protein bands 
intensities were determined by densitometry using ImageJ software (rsb.info.nih.gov/ij), and Exportin-5 levels were normalized against p-actin. (C) 
HeLa cells were co-transfected with miR-138 mimic and full-length RMND5A or RMND5A deletion mutants for 48 h, treated with cycloheximide 
and then harvested after 8 h. Endogenous Exportin-5 protein expression was measured by western blotting. (D) HeLa cells were transfected with full- 
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Figure 7. Detection of Exportin-5 ubiquitination in HeLa cells. (A) HeLa cells were transfected with control mimic, RMND5A siRNA or miR-138 
mimic. After transfection for 36 h, cells were treated with proteasome inhibitor MG132 (20 uM) or Dimethyl sulfoxide (DMSO) for 8h. Endogenous 
Exportin-5 protein expression was measured by western blotting. (B) HeLa cells were cotransfected with pCMV-Exportin-5, pEF-HA-Ub, control 
mimic (lane 1), RMND5A siRNA (lane 2) or miR-138 mimic (lane 3). Top: anti-Exportin-5 Immunoprecipitation pellets immunoblotted with anti- 
HA for Ub-Exportin-5 conjugates (upper), or anti-Exportin-5 to normalize the loading amounts (lower). Bottom: Immunoblotting of Exportin-5 
protein levels in respective cell lysates, with P-actin serving as a loading control. 



cytoplasm and increased in the nucleus, thus indicating 
that precursor miRNAs are retained in the nucleus 
under these conditions (Figure 9B and C). Levels of the 
corresponding mature miRNAs were decreased in cells 



transfected with miR-138 mimic or RMND5A siRNA 
(Figure 9D). In HeLa cells treated with miR-138, 
overexpressed RMND5A, Dicer or Exportin-5 could par- 
tially restore miRNA expression levels (Figure 9E). It was 
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Figure 8. Characterization of RMND5A, RanBPM and Exporting-5 subcellular localization in HeLa cells. (A) RMND5A, RanBPM and Exporting- 
5 were detected by immunocytochemistry using specific antibodies. (B) HeLa cells were transfected with negative control mimic, miR-138 mimic or 
RMND5A siRNA. After transfection for 36 h, cells were treated with MG132 (20 uM) or DMSO for 8h. RMND5A and Exportin-5 protein 
expression were analyzed by immunocytochemistry. Nuclei were counterstained with DAPI. (C) HeLa cells were transfected with negative control 
mimic or miR-138 mimic. RanBPM and Exportin-5 subcellular localization were detected by immunocytochemistry. Scale bar, 20 um. 



interesting to find a reduction in miR-138 expression by 
knockdown RMND5A in HeLa cells. Overexpression of 
Exportin-5 restored miR-138 expression levels under 
RMND5A siRNA treatment (Figure 9F),which indicated 
a feedback loop in the pathway of miR-138, RMND5A 
and Exportin-5. 

MiR-138 inhibits HeLa cell migration 

RMND5A localizes to both the nucleus and the cytoplasm 
and is expressed in most human tissues, especially in 
the heart, liver and kidneys (59-61). The function of 
RMND5A was previously thought to relate to microtu- 
bule dynamics, cell migration, nuclear movement and 
chromosome segregation, for which the LisH and CTLH 
domains may play important roles. We next investigated 
the effect of miR-138 expression on HeLa cell migration 
using a wound healing assay. 'Wounds' were wider in cells 
treated with miR-138 mimic or RMND5A siRNA for 12 h 
than those treated with control siRNA (Figure 10A), 
which indicated that miR-138 inhibits the migration 
of HeLa cells. We obtained similar results using a 



Transwell migration assay, in which the number of cells 
transfected with miR-138 mimic or RMND5A siRNA 
that migrated to the basal side of the membrane was sig- 
nificantly lower than in controls (Figure 10B and C). 
HeLa cell migration could be effectively rescued by treat- 
ment with anti-miR-138 or RMND5A overexpression. 
However, the overexpression of Exportin-5 and Dicer 
could not restore HeLa cell migration. Next, we used 
siRNA to knock down Dicer and Exportin-5 protein ex- 
pression and found that there was no clear relationship 
between Dicer or Exportin-5 and HeLa cell migration 
(Supplementary Figure S3). These data further suggest 
that the biological function of RMND5A was to 
regulate HeLa cell migration. Furthermore, using the 
MTT assay, we found that RMND5A knockdown did 
not significantly change HeLa cell proliferation, which 
suggested that there was no correlation between cell mi- 
gration and proliferation (Figure 8D). Thus, miR-138 may 
inhibit cell migration through the inhibition of 
RMND5A. 
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Figure 9. Mir- 138 inhibits miRNA precursor processing in HeLa cells. (A) Quantitative RT-PCR assays were performed to examine the effects of 
miR-138 mimic and anti-miR-138 transfection on total cellular miRNA precursors. U6 served as an internal control. (B) Quantitative RT-PCR 
assays were performed to examine the effects of miR-138 mimic and anti-miR-138 transfection on cytoplasmic miRNA precursors. GAPDH mRNA 
was used for normalization. (C) Quantitative RT-PCR assays were performed to examine the effects of miR-138 mimic and anti-miR-138 transfection 
on nuclear miRNA precursors. U6 snRNA was used for normalization. (D) Mature miRNA expression was measured 48 h following transfection 
with miR-138 mimic. U6 snRNA was used as a control for normalization. (E) Mature miRNA expression was measured 48 h following co-trans- 
fection with miR-138 mimic and pCMV-Dicer, pCMV-Exportin-5 or pCMV-RMND5A. (F) Effect of knockdown or overexpression of RMND5A 
on miR-138 expression levels. HeLa cells were contransfected with control mimic, RMND5A siRNA, miR-138 mimic, pCMV-Blank or pCMV- 
Exportin-5. After transfection for 24h, quantitative RT-PCR assays were performed to examine the expression levels of miR-138. U6 served as an 
internal control. *,P<0.05 and */ 3 <0.01. Data are representative of three independent experiments (mean ± s.d.). 



DISCUSSION 

miRNAs can act as either tumor suppressors or promoters 
and therefore affect tumor development, proliferation, dif- 
ferentiation and many other pathological processes. The 
expression of miR-138 is generally low in tumors such as 
thyroid cancer, lung cancer, leukemia, HNSCC and 



TSCC. However, a correlation between miR-138 expres- 
sion and cervical cancer has not been reported. Although 
the regulatory mechanism for maintaining low levels of 
miR-138 in tumors is undefined, there is a clear correlation 
between miR-138 expression and the development of 
many types of cancer. We first identified RMND5A as a 
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Figure 10. MiR-138 inhibits cell migration by downregulating RMND5A. (A) Migration of HeLa cells following transfection with miR-138 mimic or 
RMND5A siRNA using a wound-healing assay. After 12h, migration of cells transfected with miR-138 mimic or RMND5A siRNA was significantly 
slower than in control cells. (B) Microscopic analysis of migrated HeLa cells stained with DAPI. HeLa cells were transiently transfected with a miR- 
138 mimic alone or co-transfected with pCMV-RMND5A, pCMV-Exportin-5 or pCMV- Dicer, and the motility of the transfected cells was evaluated 
using Transwell migration assays. (C) Relative cell migration was determined by the number of the DAPI-stained cells that migrated to the underside 
of the filter and normalized to the number of cells transfected with a control mimic. Cell migration is expressed as a percentage of that observed in 
the control and data are the means ± s.d. of three independent experiments. *P<0.05; **P<0.01 versus control. (D) MTT cell viability assay 
showed no difference in HeLa cell proliferation up to 96 h following transfection with miR-138 mimic or RMND5A siRNA. Each point represents 
the means ± s.d. Data are representative of three independent experiments. 
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miR-138 target in HeLa cells using bioinformatics and 
biological experiments. The previously reported miR-138 
target genes, RHOC and ROCK2, inhibit TSCC cell 
migration and invasion (37). However, we found that 
miR-138 does not target RHOC and ROCK2 in HeLa 
cells (Figure 1), but instead targets RMND5A. This indi- 
cates cell-type specificity in miRNA targeting. Little is 
currently known about the function of RMND5A. 
RMND5A contains a LisH/CTLH domain. Kobayashi 
et al. reported that RMND5A, RanBPM, Muskelin, 
p48EMLP, ARMC8a and ARMC8P are components of 
the CTLH complex. However, co-immunoprecipitation 
complexes analyzed by random mass spectrometry 
did not identify the other components of the 
CTLH complex, with the exception of RanBPM 
(Supplementary Table SI). Surprisingly, it was interesting 
to find nuclear transport receptors, including Exportin-5, 
Importin-4, Importin-7 and Exportin-1, in the co- 
immunoprecipitation complex, which mediate the 
nuclear export of RNA or protein in a RanGTP-depend- 
ent manner. However, our experiments showed that it was 
not Ran but RanBPM that mediated the non-direct inter- 
actions between Exportin-5 and RMND5A (Figures 4B, C 
and 5B). Further experiments revealed that miR-138 
reduces the stability of Exportin-5 by targeting 
RMND5A, and thus decreasing RMND5A-regulated 
general miRNA expression. Thus, miR-138 is a negative 
regulator of miRNAs in HeLa cells. In turn, does 
RMND5A affect maturation of miR-138 itself or 
not? Indeed, almost a 30% reduction was observed in 



miR-138 expression levels by knockdown RMND5A in 
HeLa cells. Overexpressed Exportin-5 or RMND5A 
could not increase miR-138 expression levels versus 
control plasmid but could restore miR-138 expression 
levels under RMND5A siRNA treatment (Figure 8F). It 
strongly indicated a feedback loop in the pathway of miR- 
138, RMND5A and Exportin-5. However, it needs further 
work and good model to explore the dynamic change and 
balance among miR-138, RMND5A and Exportin-5. 

As miR-138 reduces the stability of Exportin-5 and 
inhibits pre-miRNA nuclear export within HeLa cells, 
we first believed that the complex of RMNDA and 
Exportin-5 was formed and functioned in the nucleus. 
The results were interesting. Confocal imaging analysis 
showed that Exportin-5 had a subcellular localization 
similar to that of RMND5A and RanBPM in HeLa 
cells (Figure 9A), which indicated the complex can exist 
in cytoplasm or in nucleus, even shuttle from each other. 
Exportin-5 stranded in nucleus when its protein levels 
were indirectly downregulated by miR-138. As prote- 
asome inhibitor MG132 treatment could recovery 
Exportin-5 normal subcellular localization (Figure 10B), 
it seemed that Exportin-5 active avoidance proteasome 
degradation from cytoplasm, and there might be other 
protectors in nucleus, such as RanGTP or pre-miRNAs. 

MiR-138 directly targets RMND5A, but not Exportin-5 
or Dicer, to influence HeLa cell migration (Figure 8A-C). 
There is controversy about the role of Dicer in cell migra- 
tion. Martello et al. (62) reported that MDA-MB-231 cell 
migration was promoted following the miR-107-mediated 
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inhibition of DICER; Tang et al. (63) reported that the 
knockdown of Dicer impairs the migratory capacity of 
HEK293T cells. Exportin-5 and Dicer are the key 
proteins in miRNA biogenesis, and miRNAs controlled 
by these proteins are likely to target genes that promote 
or inhibit cell migration. Although our experimental 
results showed that the individual levels of Dicer and 
Exportin-5 expression do not significantly correlate with 
HeLa cell migration, it may be that their relative balance 
affects cell migration in the specific environment of HeLa 
cells. Therefore, we hypothesize that miR-138 mimic 
inhibit HeLa cell migration, possibly via a complex 
multistep process that includes the inhibition of 
RMND5A protein function and changes in general 
miRNA expression. These processes may be particularly 
associated with the development of cervical carcinoma. 

Further work will be required to explore the relationship 
between RMND5A and other nuclear transport receptors, 
including Importin-4, Importin-7 and Exportin-1, which 
were evident in the current mass spectrometry analysis 
results. It also needs to be confirmed whether RanBPM is 
the mediatory protein for these interactions and the 
function of these complexes. In summary, we have un- 
covered a new function for miR-138 and RMND5A and 
identified an miRNA processing pathway that is regulated 
by miR-138 in HeLa cells (Figure 11). We find miR-138 
target RMND5A is a common phenomenon in other 
cancer cells such as human airway cell line and TSCC cell 
line by gathering information from publicly available 
microarray data in GEO (Supplementary Figure S4). It 
will be interesting to analyze whether miR-138- 
RMND5A-Exportin-5 pathway function in other biolo- 
gical processes associated with miR-138 such as miR-138 
modulating DNA damage response by repressing histone 
H2AX (45). It will therefore be interesting to identify other 
miRNAs that directly or indirectly affect key proteins 
involved in miRNA biogenesis that regulate miRNA pro- 
cessing (62) in a similar manner to the miR-138-mediated 
inhibition of Exportin-5 stability. 
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